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Other Sources of Loss

There are many sources of loss that are not accounted for in the basic form of the radar
range equation. Similarly, there are several signal processing methods available to
increase the effective signal level. Thus general loss and gain factors are added to the
RRE:

> RGGsl °G,,

Ny (4p)3RKT.B,L

P

SNR =

L isa"catch all" lossfactor (>1). A fraction of the loss can be attributed to each source
If its contribution is known. For instance, L = LyLgL, L;L. where the loss sources are:

1. transmission lineloss, L

2. atmospheric attenuation and rain loss, L,

3. secondary background noise and interference sources, Ly
4. antenna beamshape loss, Lg

5. collapsing loss, L

Gy, isthe processing gain which can be achieved by integration and various correlation
methods.
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Atmospheric Attenuation

Distance Learning
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Rain Attenuation
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Transmission Line Loss

Transmission lines between the antenna and receiver and transmitter can have
significant losses. Traditionally these have been called plumbing loss because the
primary contributor was long sections of waveguide. Sources of loss include:

1. cables and waveguide runs (0.25 to 1 dB per meter)
2. devices have insertion loss
duplexer, rotary joints, filters, switches, etc.
3. devices and connectors have mismatch loss (VSWR 1 1)

DUPLEXER/
CIRCULATOR LOSE

TRANSMITTER

TRANSMISSION LINE LOSS

RECEIVER
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Antenna Beamshape L oss

ANTENNA POWER
HALE POWER PATTERN (POLAR PLOT)

ANGLE

MAXIMUM
VALUE OF

|
| / GAIN

In the form of the RRE with pulse integration, constant gain has been assumed for
all pulses (the duration of t.;). Thegainisactualy changing with scan across the target.
Theresult islower SNR that with the approximate antennamodel. The beamshape loss for
a Gaussian beam, G(q) = G, exp[- 2.773(q /qB)Z] , When integrating n (odd) pulsesis

n

L » —72

1+2 & e
m=1
per dimension of beamshape. (For example, a"fan beam" isone dimensional). Theloss
tendsto 1.6 dB for alarge number of pulses.

- 5.55m2/(n, - 1)?
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Collapsing Loss

NOISE ONLY BEAM DWELL
LOCATIONS
SIGNAL + NOISE \ /

N

Collapsing loss can arise from several sources:
- the outputs from several receivers are added when only one contains the signal

- the outputs from several antenna beams are combined when only one contains signal
The effect is the same as adding extra noise pulses, say m, in which case the collapsing
loss can be defined as

1 _ (nsigna plusnoise channels + m noise only channels) _ (SNR) .1,
L. (n signal plus noise channels) (SNR)
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Noise Figure & Effective Temperature (1)

Definition of noise figure:
— (S/ I\I)in — Sn/Nin — I\Iout

" (SIN)owt St/ Now KToB.G

where G = Sout . By convention, noise figure is defined at the standard temperature
n

of To =290 K. Thenoise out is the amplified noise in plus the noise added by the
device

- -GN, +DN _ DN
" KkT,B.G kT,B,G

DN can be viewed as originating from an increase in temperature. The effective

temperature is
P = 1+ XTBG 1, Te
kTOBnG T0

Solve for effective temperature in terms of noise figure

Te = (Fn B 1)To
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Comments on Noise Figure & Temperature

- Originally the term noise figure referred to the dB value and noise factor to the numeric
value. Today both terms are synonymous.

- Noisefigureis only unique when the input noise level isdefined. It must always be
reduced to a number that is proportional to noise temperature to be used in calculations.

- |f the antenna temperature is unknown it is usually assumed that Tp = Tg

ANTENNA
> - F.G —
Nin = KTaB, Nin Nout
& T.0
Nout = KTaBG + KTB.G b kB,G(T, + Te) = kToB,GE1+ 2~ = kT,B,GF,
— — TA:TO e TOg

INPUT NOISE NOISE ADDED
AT OUTPUT BY THE DEVICE

Thus, if Tp =T, then kT,B,F, can be substituted for k T.B,, in the RRE.
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Noise in Cascaded Networks (1)

Examine how the noise figure is affected when M devices are cascaded
N, @ — - - - - - - - - " Ny

Note: 1. same B, for each stage
2.total ganisG=GG, -Gy
3. denote the overall noisefigureas K,
4. devices are impedance matched

Noise from the first amplifier: [(F, - 1)kT,B,] GG, -Gy
Noise from the second amplifier: [(F, - 1)kT,B,]G,Gs---Gy
Extendingto M stages:

. ., ..
Nout = KToBnl O G +(F- 1)Gy O G+ (Fu - 1)GM§
m=

I m=1
But Ngt hasthe form kT,B,F,G. Comparing with the above,
F=F+ F - 1+ F; - 1+...+ Fy - 1

GG GGy ---Gy- 1
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Noise Figure & Effective Temperature (2)

Summary of noise figure and effective temperature for cascaded networks:

The overall noise figure for M cascaded devices with noisefigures /, F.,...,Ry and
gans G,Gy,...,Gy is

F-1 Fy-1 Fy - 1
+ + Foot
G GG GGy G- 1

The overall effective temperature for M cascaded devices with temperatures
T1,To,..., Ty and gains G;,G,,...,Gy is

=R

Te:T1+L+ T3 oy
GG, GG, Gy-1

10
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Noise Figure From L oss

1. Transmission line: The fraction of electric field incident on atransmission line of
length d that is transmitted is given by
1 _
Gy=—=e®9g1
LX

where a isthe attenuation constant. (The factor of two in the exponent is due to the

fact that a isavoltage attenuation constant.) Therefore, K, = L, = e?ds 1

2. Mixer: Conversion loss for amixer is

_ RFpowerin _
~ IF power out

Typical valuesare4 to 6 dB. If amixer isconsidered as a ssimple lossy two-port
network (input at the carrier frequency; output at the IF frequency), then a commonly
used approximationis G, =1/ L. and K, = L.

11
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Examples (1)

1. A radar with the following parameters requires SNR = 10 dB for atarget RCS of
5m? antennagain=30dB, P, =200 kW, f =10 GHz t =1ns, T, =200 K
receiver mixer: 10 dB conversion loss and 3 dB noise figure
|F amplifier: 6 dB noise figure

|\|in Ffr— — ! Nout
IFAMP [—B b Gl’|:1 . Gz,Fz L
[ [

LO

SN VL P LE

(0]

We need the system noise temperature Te = Te + Ty =31T, +Tp =9190 K. Thus

KT.B,=13" 10" W. It has been assumed that B, »1/t. Now Ny = kT, B,GG, S0
that

RG’s1°GG, = RG%s|?

(4p)°R*N,, L (40 )°R*%TB,L

(L isfor system losses such as beamshape loss, collapsing loss, etc., of which we have
no information.)

SNR=10=

12
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Examples (2)

(@ 10°)(10%)%(5)(0.03)?
C (4p)0)(1.3 108

or R=24303 m » 15 miles. The range can be increased by using alow-noise amplifier
(LNA) before the mixer.

=348 10/

2. Consider the radar receiver shown below:

ANTENNA CABLE

antennatemperature, T, =150 K
receiver effective temperature, Tz =400 K
cableloss: 6 dB at 290 K

Ter

noise figure of the receiver: F . =1+ - =238

1
GL

(0]

noisefigure of thecable: F, =— = =4

13
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Examples (3)

For=to 4,18 g5
G, 0.25

effective noise temperature of the dashed box:

noise figure of the dashed box: F, =F, +

Te=(Fn- DT, =(8.52)(290) = 2471 K
Total system noise temperature:
T=Ta+T=2621K

3. We calculate the equivalent noise temperature of a wideband jammer operating
against a narrowband radar
A

POWER - -
SPECTRAL =T
DENSITY

14
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Examples (4)

The radar only sees afraction of the jammer's radiated power

The jammer can be modeled as a noise source at temperature T
No © Ry =kT;B,

From our earlier result the jammer power received by the radar is

p, = P1G:GEy)! “aB, 0
" (4pR)° eByo

which gives an equivaent jammer temperature of
;= Ry _ P1G;G(y)l ’
kB,  (4p R))“k By

This temperature is used in the radar equation to access the impact of jammer power
on the radar’s SNR.

15
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Examples (5)

4. Pulse radar with the following parameters:
T =30days, B,=1MHz, t =1 nsec, | =0.1m, G=30 dB = 1000,
g, =34, g, =1.2°, Ry=095fors =10 m2and R=100 mi (=161 km)
F =5.8 dB for thereceiver, T =100 K

(a) Peak power required to achieve By = 0.95 on asingle hit basis

1 1076

Pry = = =386" 10"
B.Tra  (30)(24)(3600)

From Fig. 2.6, (S/N); =16.3dB=42.7

_ (4p)*K(Ta+ To) Br(S/ N) in R

GAS
_ (4p)?(1.38" 10°%%)(100+ 812)(10°)(42.7)(L61" 10°)%
- (1000)(0.8)(10)

R

R =0.715" 10’ W

16
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Examples (6)

(b) PRF for 100 mi unambiguous range

. A8
f=—o =2 10 g3y
2R,  2(161" 10%)

(c) Number of pulses that must be integrated noncoherently for a 10 dB improvement
in SNR (i.e., reduce the peak power requirement by 10 dB)

l; =10 dB =10
From Fig. 2.7(a) for, By =0.95and ns =1/ P, = 259" 10" the number of pulsesis
ng » 15

(d) Maximum antenna scan rate if |; =10 with a PRF of 800 Hz

_9sfp _ (1.2)(800)

> ng 15

=64" /sec =10.7rpm

17
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Examples (7)

Distance Learning

(e) Effective temperature of the receiver
T. =(F- 1)T, =(3.8- 1)(290) = 814K
(f) If F isreduced 3 dB the increase in maximum detection rangeis as follows:
F=28dB

T, =(0.9)(290) = 262 K

4 1
Rmax K Ti+T.
Rrax, _ a4
Ruax, €3629

Rmax, =1.26Rmax, =126 miles

18
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Doppler Frequency Shift (1)

Targets in motion relative to the radar cause the return signal frequency to be shifted as

shown below
WAVE FRONT
WAVE FRONT EMITTED AT
EMITTED AT POSITION 2
POSI'IKON 1
Vy
\%K_J
wave fronts wave fronts
expanded compressed

The time-harmonic transmitted electric field has the form | E | cos(wt). The received

signal hasthe form | Ec |u cos(w,t - 2kR), where the factor 2 arises from the round trip

path delay. DefineF (t) =-2kR and R=R;+v,t (v, istheradia component of the
relative velocity vector).

19
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Doppler Frequency Shift (2)

The Doppler frequency shift is given by:
_dF(@) _d drR

=———==—(-2kR) =- 2k— =- 2k
Wa="g ~ g 2R it v
: _ 2y, : : _ é & Wq0,0
or in Hertz, fq =- T Rewrite the signal phaseas F (t) = - ZkéF?O- & Egtasothat

Eq 1 cog(we +wa)t- 2kRo]

A Doppler shift only occurs when the relative velocity vector has aradial component.
In general there will be both radial and tangential components to the velocity:

Rdecreasing b CCiI—I?<OID fq >0 (closing target)
: . dR .
Rincreasing b E>OD fy <O (receeding target)

20
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Doppler Frequency Shift (3)

The echo returned from the target varies as | E; | cos[(wC W)t - 2kR0], where the +

signisused for closing targets and - for receding targets. However, mixing causes the sign
to belost. For example, mixing the return with the carrier (homodyning) gives

1
cos(W,t £W4t) cos(Wt) = E[cos(iwdt) + cos(2wt + wyt)]

Although the second term in brackets contains the sign information it is too high to
be of usein anarrowband radar. The sign can be recovered using | and Q channels.

Another problem: the fy signal is narrow and the amplifier B, much larger so the SNR
IS too low.

A AMPLIFIER
FREQUENCY
CHARACTERISTIC

SPECTRUM
OF cog(wyt)

I -

1:c 1:c+fd

The solution is to use a collection of filters with narrower bandwidths.

21
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Doppler Filter Banks

The radar band is divided into narrow sub-bands. Ideally there should be no overlap
in their frequency characteristics.

NARROWBAND
A DOPPLER FILTERS CROSSOVER
\‘ LEVEL

AMP FREQUENCY
CHARACTERISTIC

1

fc 1:c + 1td

The noise bandwidth of the doppler filtersis small compared to that of the amplifier,
which improves the SNR. Velocity estimates can be made by monitoring the power
out of each filter. If asignal ispresent in afilter, the target's velocity range is known.
The energy outputs from adjacent filters can be used to interpolate velocity.

1

22
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Example

CW radar example:

f =18 GHz (I =0.0167 m)

target speed range: mach 0.25 to mach 3.75 (mach 1 = 334.4 m/s)
resolution = 10 m/s

homodyne receiver

(a) What is the required spectral range for the filter bank?

lowest frequency : fy; :M =10kHz 1|J
(2%-812%1) yb 10kHz £ f £150kHz

highest frequency : fy, =—>—=—— =150kHz

JNESHITEAHENEY = 102 =75 o167 b

(b) How many filters are required?

Df, - Dff Vio- V1 1254- 83.6

Nt =" Dv 10

=117

23
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Example

(c) When atarget islocated in a particular filter, the two adjacent filters are also
monitored in case the velocity changes. It takes 0.5 second to shift between
filter sets. How fast must atarget accelerate to defeat the radar?

1 2 3

3 filters make up a set
(10 m/s per filter)

} R

fq A 123 B
30 m/s per
filter set ? f
I I
.- -

30m/s 30m/s

To defeat the radar the target's doppler must jump to A or B
a, =(x30m/s)/0.5s= 60 m/s’

24
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| and Q Representation

Coherent detection requires dealing with the envelope of asignal, g(t) and the phase of the
sinusoidal carrier, F (t). They need not be measured directly, but can be derived using in-

phase (1) and quadrature (Q) channels asfollows. For narrowband signals we can write

s(t) = g(t) coslw,t +F (t))
or, interms of | and Q components
§(t) = g (t)cos(wct) - golt)sin(wet)
g, (t) = g(t) cos(F (1))
9o(t) =g(t) sin(F (1))
Define the complex envelope of the signal as
u(t) = g (t) + ] go(t)

Thus the narrowband signal can be expressed as

s(t) = Refu(t)e "'}

where

25
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Doppler Frequency Shift (4)

Recovering the sign of the doppler shift using I and Q channels

N\
TRANSMITTER
/
> cos(w )
90 DEGREE
SHIFT
MIXER A -
cos(w.t+p/2) r
E, 1 cos(Wotwo)t)
N\
- MIXERB |—
/

1 cos(w4t)
| COS(- W jt) = cos(w 4t)

ycos(w t+p/2)
1 Cos(-w t+p/2)=cos(wyt- p/2)

Positive doppler shift resultsin a phase lead; negative doppler shift resultsin a

phase |ag.

26
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CW Radar Problems (1)

1. Transmit/receive leakage:

2
(1-19°)P [ Lyl P/ Ly Le Pt oo
-
ANTENNA ( 2R TRANSMITTER
P/ L,L
SYSTEM \ > - r) ( Py = larcPy
Pr = WsAy > ~ (- IG°)P RECEIVER
|G° Py

(1-1G° )Pr [ LyLc
R = power out of transmitter
= power |leaked directly from transmitter to receiver

P. = power scattered by target and collected by the antenna

| G|=magnitude of the antenna voltage reflection coefficient (related to its VSWR)
L, =transmission lineloss (® 1)

L. = circulator loss (3 1)

| sire = circulator isolation (fraction of incident power leaked in the reverse direction)
If higher order reflections can be ignored, then the total signal at the receiver is

_ 2 2 2
I:?[ot—\(:l-' |G| )Pr”—xl—g"' lircR + |G| F%/(Lxl—c)J
TARGET RETURN LEAKAGE ANTENNA MISMATCH

27
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CW Radar Problems (2)

Comments regarding leakage:

1. Circulator isolation isin the range of 30 to 100 dB. It can be increased
at the expense of size, weight, volume, and insertion | oss.
2. Leakage can be reduced by using two separate antennas. Thereis still leakage
which arises from
-- near field coupling of the antennas
-- reflection from close in clutter
-- surface guided waves on platform or ground

Example: receiver MDS = -130 dBW (= -100 dBm)
peak transmitter power = 100 W = 20 dBW
To keep the leakage signal below the MDS requires

IN dB

Note that circulator isolation is given in positive dB, but the negative sign isimplied.
Thusthe required isolation is

28
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CW Radar Problems (3)

Distance Learning

2. Spectrum broadening caused by:

1. Finite duration illumination due to antenna scanning

q =dq/dt =wq
/% _>t0t<_
dg

—

IDEAL BROADENED
SPECTRUM T SPECTRUM

We We

2. Modulation of the echo by target moving parts and aspect changes

3. Acceleration of the target

29
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Frequency Modulated CW (FMCW)

Conventional CW radars cannot measure range. To do so the transmit waveform
must be "tagged.” This can be done by modulating the frequency periodically with
time. Thistechniqueiscalled FM ranging.

Typica linear
FM pulse

A

L

|

|

|

|

VI

|

H

|

|

f f , = modulation rate
Tn=1/1,

30
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FMCW (2)

If the target is in motion the received waveform might be doppler shifted

Af
DOPPLER
f SHIFT TRANSMITTED RECEIVED
02
fq
1:O:L_I___*____I ________ t

31
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FMCW (3)

Range can be measured if Df; and Df, are known

tanb = (Df; + f4)/(2R/c)
tanb = (Df, - f4)/(2R/c)
Add the two equations

2tanb = (Df, + Df,) /(2R/ )b R = {21+ DI2)C

4tanb

Block diagram:

FM
TRANSMITTER -t MODULATOR

FREQUENCY

MIXER [ AMP [ LIMITER [ COUNTER = DISPLAY

¥ REFERENCE

32
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FMCW (4)
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Waveform out of mixer:
AT

RECEIVE

TRANSMIT

|I N
| I: L : N |
| 1 | I | > !
fal | |I | | | N |
A| o o R |
| o o .y |
I - I I I I N | MIXER OUTPUT
fr"'fd T | I: : : ||
fr' fd 7 | | : ¢
' >
Restriction:
1 2R
fm C

33
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FMCW Complications

1. Multiple targets cause "ghosting." There are two beat frequencies at the end of
each segment. The radar does not know how to pair them.

f TRANSMIT RECEIVED
A WAV EFORM FROM #1

RECEIVED
FROM #2

Foa

p L

Solution: add a constant frequency segment to measure fqyq and fg4,

f A TRANSMIT RECEIVE
WAV EFORM WAVEFORM
y
A
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FMCW Complications

2R . . o
2. Doppler frequency greater than o tanb (which occursin air-to-air situations)

complicates the formulas for the frequency differences.

f b HR/c RECEIVE
o e WAVEFORM
fq TRANSMIT
WAV EFORM
_

Sinusoidal modulation can also be used. The range is determined from the average
(over one cycle) beat frequency.

Example: Find the range if the low and high beat frequencies out of the mixer are
Df, = f, - fq =4825Hz and Df, = f, + f4 =15175Hz and thesweep rateis

tanb =10 Hz/msec = 10" 10° Hz/sec.
(15175 +4825)(3" 10°)

4(10° 10°)

=150000m

Computerange: R=

35
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MTI and Pulse Doppler Radar

The doppler frequency shift can be used with pulse waveforms to measure velocity.
The radars generally fall into one of two categories:
1. moving target indication (MTI)
generally uses delay line cancelers
ambiguous velocity measurement
unambiguous range measurement
2. pulse doppler radar
generally uses range gated doppler filters
unambiguous vel ocity measurement
ambiguous range measurement

The main feature of both isthe use of a coherent reference signal.

PULSE
MODULATOR
CwW
+
> AMPLIFIER OSCILLATOR
- REFERENCE
> RECEIVER 1 DISPLAY

36
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MTI (1)

The doppler isasinusoidal modulation of the transmitted waveform. For a pulse train:

1. large doppler shift: modulation of the waveform israpid (e.g., aballistic
missile). Only need one or two pulses to measure doppler shift

2. small doppler shift: modulation of the waveform isslow (e.g., aircraft). Need
many pulses to measure doppler shift

("Large" and "small" are by comparisonto 1/t .) From Fig. 3.4 in Skolnik: (2) RF echo
pulse train, (b) video pulsetrain for fq > 1/t , (c) for fq <1/t .

— WA W W

la)

/\/ AVAY /\/ s

37
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MTI (2)

mm * :

On successive "A" scope traces f/W\
(amplitude vs. range), moving target o W
returns will vary in amplitude; fixed u\/ \

target returns are constant.

Fig. 3.5in Skolnik (the bottom curve W

IS the superposition of many sweeps)

38
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MTI (3)
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PPI displays use adelay line canceler

—— RECEIVER

DELAY LINE

‘ T=1/PRF
-

DISPLAY

If two successive pulses are identical then the subtracted signal is zero; if two suc-
cessive pulses are not identical then the subtraction results in a nonzero "residue.”

The delay timeisequal to the PRF. Typical values are severa milliseconds, which
requires very long line lengths for electromagnetic waves. Usually acoustic devices

are used. The velocity of acoustic wavesis about 10 > of that for @ ectromagnetic

WaVves.

TRANSDUCERS

INPUT
SIGNAL
Q

e el i . el et il s vl " il el “ i

(From Acoustic Waves. Devices, Imaging andAnalog Sgnal Processing, by Kino)

39
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PD and M TI Problem: Eclipsing

Distance Learning

To protect the receiver from transmitter leakage, the receiver is usually shut down

during the transmission of apulse. Eclipsing occurs when atarget echo arrives during
atransmit segment, when the radar receiver is shut down.

Points to note:

1. Targets are generally not completely eclipsed; usually some of the return gets
through.

2. Partial eclipsing resultsin aloss of SNR because some of the target return
IS discarded.

3. The average eclipsing loss is given approximately by
t ty  tytt
Lee » /1 )°dt+ odt+ o (ty+t - t)2/t )dt
0 t ty
where t, isthe video integration time. Normalization by the PRF gives

Lee »( ty°PRF - t>*PRF/3)
RECEIVE TRANSMIT

DUTY FACTOR DUTY FACTOR

4. Eclipsing can be reduced by switching PRFs.

40
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PD and MTI Problem: Range Ambiguities

Maximum unambiguous rangeis R, =CT, /2. A low PRF is desirable to maximize R,;.

| #1 #2 ECHO FROM
. 2Ry PULSE#1
Tp C
- >l t
| .

I
< 2R/c———*™

Example: PRF =800Hz, T, =0.00125sec, R=130 nmi (nautical miles)
- Based on the true range

2R 2(130)
c 161875

%r._/
¢ IN nmi/sec

- Based on the apparent range

= 0.001606 = 1.606 ms

2 2R .
o =—- T, =0.001606 - 0.00125=0.356 msbP Ry, =28.8 nmi
C C

41
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Range Ambiguities (2)

The apparent range depends on the PRF but the true range does not. Therefore, changing
the PRF can be used to determine whether the range is true or apparent. Thisis called
PRF switching, pulse staggering or multiple PRFs.

Choose two PRFs:; fl = leB and f2 = N2 fB where

fg isthe basic PRF (usually set by the unambiguous range)
Ny, N> arerelatively primeintegers (e.g., 11 and 13)

PRF switching method:

1. Transmit two PRFs and look for a common return which signifies
atrue range

2. Count the number of elapsed pulsesto get the integersi and |

3. Measure xand y

4. Compute T and then R
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Range Ambiguities (3)

|
] Tg=1/fg | ]
- L g
| -
IR N Measure x,y and choosei and |
I o | to satisfy both equations:
| ™ PRF #1
e B s B ey
/\i i+1) /\i+1
. [N [ \_o ECHO
j-1_|_ i j+1 j+2 Tr=(0+1- DT +x=iT; +X
> . .
_‘ : Tr=(+1-DT+y= T, +y
B ] ™ PRF #2
v R
/\j-l /\ ] | j+1| /\j+2
| | ™ ECHO
[ - Tr
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Example
Wewant R, =100 nmi or fg = ¢ _101875 810 Hz
2R, 2(100)

Choose Ny =79, N, = 80:
f; = Ny fg =79(810) = 63.990 kHz

f2 = N2 fB = 80(810) =64.800 kHz
Unambiguous ranges.

Ru = c/(2f) =

Rp =c/(2fy) =
Assume that the target is at 53 nmi

_ 2(53)
R™ 161875

161875

2(63.990)10°
161875

2(64.800)10°

=1.2648 nmi

=1.2490 nmi

= 654.8" 10 ®sec

Subtract out integers
Tofy=i+xf=41.902 b x=0902T, =14.096 nsec
Taf, =j+yf,=42432 b y=0.432T, = 6.67Msec
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PD and MTI Problem: Ve ocity Ambiguities

Coherent pulse train spectrum

ectrum of doppler _
fted O Sqna (fixed target - no doppler)
I h I
| ﬂ I
W TN ﬂ)\ AT dﬂ N »W
We We +Wg RAAAOPL |11
e A

Expanded central lobe region with target doppler shift

- = === === === === = == = -
CENTRAL DOPPLER

LOBE — SHIFTED | 2y Tod(PRE

FILTER TARGET dlobserved ~ | ( )
RETURNS

fd = n PRF+ fd|a0parent

fiu 1R b
ol
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Velocity Ambiguities (2)

If wq isincreased the true target doppler shifted return moves out of the passband and
alower sideband lobe enters. Thus the doppler measurement is ambiguous.

APPARENT

ACTUAL
Dg,':'réTER DOPPLER fama =*fp/2
SHIFT
=l f,/4
Dv, =1 f,/2
Ll L] L w
We We +Wy
PRF determines doppler and range ambiguities:
PRF RANGE DOPPLER
High Ambiguous Unambiguous
Medium Ambiguous Ambiguous

Low Unambiguous Ambiguous
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Alrborne M Tl and Pulse Doppler Operation

Airborne MTI (AMTI) refersto any MTI operating on a moving platform. Motion
effects include clutter spectrum frequency shift and broadening.

dp

TRAILING EDGE
OF PULSE

ct /2

LEADING EDGE
OF PULSE

"PLUG" OF
ENERGY

TARGET

BACKGROUND
AND CLUTTER

—
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Surface Clutter (1)

Airborne radar illuminates the ground. Simple model for the footprint dimensions:

g = depression angle
y =grazing angle
R = dlant range

ANTENNA
BEAM AXIS

AIRCRAFT
ALTITUDE

ELLIPTICAL
FOOTPRINT
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Surface Clutter (2)

Theillumination strip is actually curved but is approximately rectangular if R islarge
and gg issmall. The diagram illustrates the pulse width limited case; only a portion

of the footprint isilluminated.

A
Side view
hy
PLUG OF ENERGY
(PULSE IS ON)
Y > X
|
Dx =ct /(2cosg) ILLUMINATED
. : | '_ GROUND STRIP
Top view BEAM
FOOTPRINT
RdB
Y
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Surface Clutter (3)

For asmall depression angle the clutter areais approximately given by

_aRgp
%_Zcosg

The diagram below illustrates the beamwidth limited case; the entire footprint is
Illuminated. The clutter areaisthe area of an ellipse

2
A :%(RQB)(RQB’S‘”Q):%%ZL

Top view of

Side view footprint

Rdp
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Two-Way Pattern Beamwidth

The two-way pattern refersto the product G; G, , and the half power points of this product

define the two-way beamwidths. The previous charts have specifically dealt with mono-
static radar. Inamore genera (bistatic) case, the clutter area is determined by the
intersection of the transmit and receive footprints. The figure shows a bistatic radar with

different transmit and receive patterns. The

: : : : Transmitter

clutter areais determined by the overlapin  Receiver dg
the two beams, or equivalently, for a 98,
monostatic radar, the two-way beamwidth.
For a gaussian beam of the form N

G() =G, exp{- (2.776)( /QB)Z}v 41@0'@””" B T footprint

: lid) -~

the two-way pattern is (olieh .- (dashed)

q
G(@)? = GZexpl- (2(2.776)(q /q)?}, and thusqg, . = Bl‘évay . Therefore, the

clutter area equations should have an additional factor of 2 in the denominator (/2 for
each plane), because A. should be based on the two-way beamwidths. However, the area

isusually greater than that found using the additional ¥2 because the beam edges are not
sharp, so area outside of the 3 dB beamwidth contributes.
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Surface Clutter (4)

For extended targets we define the cross section per unit area, s ©, in m2/m2

s ° =Area” Reflectivity " Directivity

2
1m G, ﬁé

This quantity is tabulated for various surfaces (for example, see Fig. 7.3 in Skalnik,
reproduced on page 11-63).

The radar equation for clutter returnis
- BGAS A,
‘R
(4p)

Neglecting noise (C >> N), the signal-to-clutter ratio (SCR) is
_S__s

C s°A
wheres isthe RCS of the target. Note: (1) P; does not affect the SCR, and (2) alarge
1 decreases N, but increases C

SCR
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Backscatter From Extended Surfaces

Extended surfaces: have no edges that are illuminated

ISOTROPIC (DIFFUSE) LAMBERTIAN SURFACE
SURFACE
A A cosq
q (] CONSTANT q (]
y y y y
2
In general: Gg:p,2
oF,(@)sing dg
0
. 2
Isotropic surface: Fy(q) =1P Gy =577 =2P s°(q) = 2G, cosq
gingdq
0

L ambertian surface:
2
Fy(@)=cosq b Gy =573 =4p s°(q)z4choszq
ocosg sngdg
0
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Backscatter From Extended Surfaces

- HH polarization, L-band

0.35 -
LAMBERT'S

0.3 LAW

0.25
g O
0.2
MEASURED
OPEN COUNTRY SIDE

0.15}

0.1 : ' ' ' :

0 10 20 30 40 50 60
d, DEG
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Clutter Spectrum (1)

Each point on the surface has adifferent velocity relative to the platform:

_ 2V5009g(X)]
fq = |

ALTITUDE MAINBEAM

SIDENOBE V; increases®

N ~
7
v, =0 Vy Vy

Three components of surface return:

1. mainbeam clutter: high because of high antenna gain

2. Sidelobe clutter: low but covers many frequencies because of the large
angular extent of the sidelobes

3. dltitude return: high because of normal incidence
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Clutter Spectrum (2)

Typical clutter spectrum: (see Fig. 3.43 in Skolnik)
MAINBEAM

ALTITUDE MLC

SIDELOBE

= W

Mainbeam clutter characteristics:
1. as the half-power beamwidth (HPBW) increases the spread in v, increases and

hence wq increases
2.a8sq increases v, at the center of the footprint decreases and therefore w 4.

decreases
3. the width and center of frequenciesvariesas 1/ |

dfd = d éva COSQQZ-%S“’]QO %
dg dgé | g | Dg
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Clutter Spectrum (3)

Mainbeam clutter characteristics (continued):
2V, .
Dfd = BWMLC » I—asmg Dg

where Dg is the antenna beamwidth between first nulls. For acircular aperture
of radius a, the 3-dB and first null beamwidths are 29.21 /a and 69.9I /a,
respectively. Therefore use the approximation Dg » 2.5 so that

2 .
Dfy = BWpyLc » %sng (2.59B)

4. Azimuth scanning:  forward: high, narrow spectrum
broadside: low, broad spectrum

Sidelobe clutter characteristics:

1. lowering the sidel obes reduces the clutter

2. depends on terrain Gy and Fy
3. most severe at moderate altitudes
2V,

) . 2V
4. in practice, extends from - I—a to +|—
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Clutter Spectrum (4)

Altitude clutter characteristics:

1. centered at fy = 0 (unless aircraft s maneuvering)
2. slant ranges can be short at sidelobe angles but Fy can belarge

LOW HIGH
HIGH — OPENING TAIL CLOSING
OPENING ~ RATE CHASE RATE
RATE \ \
— 4 A A
f

When the transmitted waveform is pulsed, the clutter spectrum repeats at multiples
of the PRF (w, =2p fy)

CLUTTER CLgFIETEER A PgllgESE'ITIsS |\|/|N
SPECTRUM REGION

L&‘“ "J\/-ﬁ
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Clutter Spectrum (5)

High PRF -- clutter-free region

CLUTIER HIGH PRF
REGION SPECTRUM
_bA A A oA A WA

|
LA WC-Wp WC WC +Wp

Low PRF -- clutter spectra overlap; no clutter-free region

|

LOW PRF
SPECTRUM

r—M W
>
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Clutter Spectrum (6)

Example: low PRF radar with:
f=95GHz, v,=300m/s, qg=25, g=60, PRF=2kHz

Unambiguous range and velocity:

- 108 f
R, = c _310 = 75 km Dvu:ifdm,jxl _'p
21, 2(2000) 2 2

N, 2000(0.031

BW,, = —“25in(60°)(2.5)(0.0436) = 1800 Hz: - 2000(0.0316) _ 5,
| q
B
22V 5 4(300) 2v o
BWq =272 = 38 kHz; f =—2 cos(60°) » 9494 Hz
S.CT% | g 00316 mLc =7 cos(60°)
vosomn| s | CENTRALLINE
CLUTTER SPECTRA R
OVERLAP fd
| e

o
1494
3494
5494
7494—1—
9494
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Clutter Spectrum (7)

high PRF radar with:
f =95GHz, v,=300m/s, qg=25, g=60, PRF=250kHz
Unambiguous range and velocity:

C 3”108
- = =600 m
Ru 2~ 2(250000)

BWyLc =1800Hz  Dv, =3950 m/s
BWg ¢ » 38kHz,  fyLc = 9494 Hz

38 kHz

-~

/——/\/\ /——/f/\ > [d

I
I !
0 9494 Hz 250 kHz
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Sea States*

Distance Learning

SEA WAVE WAVE WAVE WAVE PARTICLE WIND REQUIRED
STATE HEIGHT | PERIOD | LENGTH | VELOCITY | VELOCITY | VELOCITY FETCH
(ft) (sec) (ft) (ko) (ft/sec) (ko) (mi)
0 (flat) (not arecognized sea state but often used to denote a flat sea)
1 (smooth) 01 0-2 0-20 0-6 0-1.5 0-7 0-25
2 (dight) 1-3 2-3.5 20-65 6-11 1.5-2.8 7-12 25-75
3 (moderate) 35 3545 65-110 11-14 2.8-35 12-16 75-120
4 (rough) 58 4.5-6 110-180 14-17 3.5-4.2 16-19 120-190
5 (very rough) 8-12 6-7 180-250 17-21 4.2-5.2 19-23 190-250
6 (high) 12-20 7-9 250-400 21-26 5.2-6.7 23-30 250-370
7 (very high) 20-40 9-12 400-750 26-35 6.7-10.5 30-45 370-600
8 (precipitous) > 40 > 12 > 750 > 35 >10.5 > 45 > 600

Note:

1. Assumes deep water.

2. Wave velocity determines clutter doppler; particle velocity determines how fast
a particle moves.
3. Dataonly appliesto waves; swells are generated at long distances by other wind
systems.
4. Period, wavelength and wave velocity apply to swells and waves.
5. Fetch is the distance that the wind is blowing; duration is the length of time.

* After Edde, Radar, Prentice-Hall (also see Skolnik, Table 7.2)
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Sea Clutter

Composite of s ° data for average conditions with wind speed ranging from 10 to
20 knots (Fig. 7.3, Skolnik)

E;‘ — — 1
|
10| J
|
o} ¥ AND L -
| (VERT. AND HOR. POL .) |
| i i

P I'
.1J: -

X AND L
50k vemtr omty (VERT.POL.) 1
@ 20~ X(VER .PoL) TR
— ~LIVERT.POL.)
B
=20FY/ .
40 < X(HOR.POL.)
— L {HOR. POL.)
50 7~220MHz (HOR. POL |
50MHz (HOR.POL.)
60}
?C I | ! i
30 40 50 60 10 B a0
GRAZING ANGLE (degrees

63



Naval Postgraduate School Microwave Devices & Radar

Example: AN/APS-200

Distance Learning

The AN/APS-200 is a doppler navigation radar (see Skolnik p. 94 and Microwaves,
October 1974). Radar parameters:

velocity range = 50 to 1000 knots; altitude = 0 to 70000 feet
vertical plane (elevation) beamwidth = 2.5 degrees
horizontal plane (azimuth) beamwidth = 5 degrees
G=30dB, R =1W (CW), f =13.3GHz (I =0.0225 m)

TOP VIEW g= 65°

“\v

Therelative velocity is v, =1000cos(65 ) cos(45°) = +299 knots, or

¢ _2v, _103v, _103(299)
/e -

=13.6 kHz
| | 0.0225
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Example: AN/APS-200

(a) Required bandwidth: BW =2(13.6) = 27.3kHz

(b) P, for h = 40000 feet over the ocean
For the ocean, 10 to 20 kt winds (average conditions): s © =-15 dB

0}
c=p = RGALAS
(4p)°R
For the beamwidth limited case (CW):
A= PR°Ug, dp
4s8ng
2
For the identical transmit and receive antennas. Ay = |4—|C()3 = 0.0407 m2. Therefore
CONVERT
TO RADIANS
0 pR? 3 2
C= RGAySs " PR 0dg 98, _ (1(107)(0.0407)(0.0316)(5)(2.5)(0.0174)
(4p)’R*  4sing 64p (13.43" 10°)?sn 65°

C=1.49" 10w =-128dBW = - 98dBm
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Example: AN/APS-200

Distance Learning

(c) For the following parameters.
h = 40000 feet

T,=300K
L=5dB
F=10dB

B, from part (a)

we can compute the clutter-to-noise ratio as follows:

&§ 0 _ Swmin _ Smin

eNg 0

N out NOUt kToéa—a +Te_a-]L
e T, o
_ 149" 10713

7. 8800 +(10- 1)(290)an|_
€ 290 9
149" 1003

138 10°%(2910)(27.3" 10°%)(3.16)

=4795»17 dB
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Delay Line Canceler (1)

A delay line canceler is used to eliminate clutter. (It isalso known as atransversa
filter, taped delay line filter, non-recursive filter, moving average filter, and finite
Impulse response filter.)

- DELAY =1/ PRF +
.
\ L
[H ()= 2sin(wT, /2)
|He ()|
— fd
0 fo 2f, 3f,

It is effective if the clutter spectrum is narrow. Note that target returns with doppler
frequenciesin the notches are also rejected. These are blind speeds, which occur at

Von =Nl f5/2, n=0,£1+2,..
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Delay Line Canceler (2)

Figures of merit for canceler performance:
1. clutter attenuation -- where S.(w) isthe clutter power spectral density

Y
_ Qy S;(W)dW
T ¥ 2
Qy SW)[He(w)|“dw
2. clutter improvement factor -- defined in terms of SCR, the signal-to-clutter ratio
. = SCRout :h " CA
SCRin Sln
Double cancelers give awider clutter notch
A SNGLE
[He(F) DOUBLE
A f
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Delay Line Canceler (3)

Multiple pulse cancelers provide the ability to control the frequency characteristic

INPUT

OUTPUT

Weighting coefficients: binomial, Chebyshev, or optimum, which maximizes the clutter
improvement factor, I.. A N linecanceler requires N +1 pulses, increasing the required
time on target.

Delay line cancelers can be made recursive by adding a feedback loop. Freguency
characteristics are of the form

() = 2sn(wT,/2)

V1+ K2 - 2K cos(wTp)
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Delay Line Canceler (4)

Distance Learning

Recursive single canceler and frequency characteristics
™= OUTPUT

o + o
3 (3 )
+
+
- 1- K DELAY, T

.
AN
NN\

-

He(f)

0 fo 2f,
All delay lines suffer from blind speeds.
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Staggered and Multiple PRFs (1)

The number of blind speeds can be reduced by employing multiple PRFs. They can be
used within adwell (look) or changed from dwell to dwell.

A
T T T T
< pl»« i — s SR ¢ Staggered PRFs
1 1
TIO1
< » Ty Interlaced PRFs
T <
AnE T 10 .,
A PrREm PRF #2 PRF #3
- >l > - - Multiple PRFs within

R
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Staggered and Multiple PRFs (2)

| mplementation of multiple PRFs:
PRF #1 +
- TO WEIGHTS
— > AND AVERAGING
+
_‘>( — T
PRF #2
~ -

Frequency characteristics
0

DOUBLE CANCELER
-2
[He (1)) 0 WITH STAGGERED
dB -30 DELAYS
-40 SINGLE
CANCELER
-50
605 1 2 3 4
flf
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Staggered and Multiple PRFs (3)

Example: A MTI radar operates at 9 GHz and uses PRFs of 1 kHz and 1.25 kHz.
What is the first blind speed?

Blind speeds for PRF #1.

and for PRF #2:
ml
=" T2

where m and n areintegers. Both PRFs must have the same frequency at which the
frequency characteristic is zero. Thuswe require

nl mi m fu 4
?fp]_:? fp2 P nfp]_:mfpz p H:f—pzzg
Thefirst blind speed (n=5) is
Vi = i f oL = 5(0.033) (1000) =83.33m/s

2
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Synchronous Detection (I and Q Channels)

Synchronous detection uses | and Q channels. The complex signal representation of s

S=s - ]S and|s|:4/s|2 +s%

Re{s} =| s|cosF ¢ ° s
Im{s} =[s|snF g =|s|cos(F s- p/2)° sq

where

Hardware implementation:

ANTENNA SYNCHRONOUS DETECTOR

|
|

' "
1= | ™| DELAY { |
AMPLIFIER | —X) :

IF |

?’ FILTER 4’% IO/ZT |
|
|
|
|

LPF [

LPF

DISCRIMINATOR

LO

I
| | FREQUENCY L g
I
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Analog vs. Digital Processing for M Tl

Analog processing:

BIPOLAR CANCELER CIRCUIT UNIPOLAR
VIDEO \r ——————————————————— | VIDEO
+
I I
—»| RECEIVER|— »| DELAY 4, RECTIFIER 7—ZDISPLAY

r- - - - - T - - === === = i |
: —»| ADD »| STORE —» : DISPLAY
| - | j
RECEIVER L SYNCHRONOUS 2 2 L
' "~ DETECTOR 1 +Q" > DA
| - ¢ |
| | A/D > STORE —» |
| + |
| |
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Single Channel Recalver Block Diagram

Block diagram of a single channel receiver (see Fig. 3.7 in Skalnik)

C
~><—»| DUPLEXER |*—{ POWERAMP |el——
ANTENNA

fo+ 1y TRANSMITTER

COHO

STALO

IF f
—>®—> IEAMP >®—> d
BASEBAND

STALO = stable local oscillator
COHO = coherent oscillator
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Synchronous Recelver Block Diagram

Block diagram of a synchronous receiver

fC r-— — — = = - | "¢ o] IF

~><—» DUPLEXER [*—{ POWERAMP |el——
ANTENNA | |

I I f

| | PULSER | ; IF

| | ©

fe+ 14 TRANSMITTER COHO
STALO fie + fie
f o
f Y

d ™ le * |
—>®—> IEAMP >®—>

STALO = stable local oscillator

COHO = coherent oscillator

| = in phase component, p(t)cos(w 4t)

Q = quadrature component, p(t)sin(wgt)

77



Naval Postgraduate School Microwave Devices & Radar Distance Learning

SNR Advantage of Synchronous Detection (1)

Single channdl IF spectrum: (positive and negative frequencies are mirror images)

I
- T 0 fiF

Single channel video: (positive and negative frequencies "wrap around")

Signal-to-noiseratio:
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SNR Advantage of Synchronous Detection (2)

1/Q channel spectrum: (no negative frequencies due to even/odd symmetry of the
real/imaginary parts)

A IF?
7 ol M
stk -- k4. -}.-
2N | - 5 f
: -
fiF
1/Q channel baseband.:
SIGN OF DOPPLER
|F|? SHIFT PRESERVED

Signal-to-noiseratio:



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Processing of a Coherent Pulse Train (1)

Assume synchronous detection at the carrier frequency. The received signal will be

of the form

s(t) = p(t) coswct +F (1)]
where p(t) isthe pulse train envelope and F (t) =wgt (wq = 2p f4). Signasinto the
filtersare

IKt) = %{p(t) cos[ 2wt +F (t)] + p(t)cos] F (1)]}

QKt) = %{p(t)si n[2wct +F (t)] + p(t)sin[ F (1)1}
Filtering removes the first terms in the brackets.

—> '@ I(t)=—; p(t) codwgt]

POCOSWHFO] —ml cogwet)

L% QU= p(H)snlwa

sn(wt)
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Sampling Theorem (1)

Consider awaveform s(t) «  S(w) which isbandlimited (S(w) = 0 for |w [ wg). The
the function s(t) can be uniquely determined from the values

Sn =<(nNp /wy)

These are samples spaced at intervals of p /w, = 1/(2f,), which istwice the highest
frequency contained in the bandlimited signal. The waveform is reconstructed from

¥
s(t)= as,sincwet- np)
n=-¥
Real-world signals are modeled as bandlimited even though they rarely are. (They
can be approximated arbitrarily closely by bandlimited functions.) Deltafunctions are
often used as sampling functions. Multiplying awaveform by an infinite series of Dirac
deltafunctionsis an ideal sampling process
¥
S(tg) = & s(t)d(t- nTy)
¥

n=-

where T. isthe sampling interval.
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Sampling Theorem (2)

Distance Learning

The Nyquist sampling rate (twice the highest frequency) is the minimum sampling rate
that provides unique recovery. Other values result in undersampling or oversampling.

Some specific sampling
cases
frequency f,

| = 2f,, Nyquist rate

fs =1/ Tgi > 21,, oversampling
{< 21,, undersampling

(o isa sample point)

BLIND VELOCITY
A a “

BLIND PHASE
"\ "

/
a \ (
[ J \
'l ? 1 1‘3 ’,_.
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Processing of a Coherent Pulse Train (2)

Simplifications: 1. neglect noise, clutter, etc.
2. assume that the target stays in the same range bin for
al pulsesinthetran

The signal return from atarget is reconstructed from returns with a constant delay
after each pulse (i.e., same range bin)

Sample once per pulse: the sampling frequency is fy,, the sampling times ty,t, ..., ty

() = 5{plta) costwitnl}
Q) = 2{ Pltn) Snlwato]}

Thissignal is equivalent to the complex form:

f(tn) = 2{1(tn) + jQtn)} = pltn) €™ ‘) = p(ty) '
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Processing of a Coherent Pulse Train (3)

Pulse train with range gates (bins):

DWELL TIME = N/ PRF »{
~
M RANGE GATES TRANSMIT PULSES

Returns for atarget that remains in asingle range bin (for example, bin m)

BIN m
PULSE 2

BIN m \

PULSE1
X /W
t
v e

cogwgt) OR sin(wgt)
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Processing of a Coherent Pulse Train (4)

Storage of datain atwo-dimensional array

) ETURNSFROM A TARGET
N AT A CONSTANT RANGE

DELAY (RANGE BINS) tp,
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Discrete Fourier Transform (DFT)

The discrete Fourier transform is a sampled version of the conventional Fourier
transform defined by

N-1 BP0,
Fw )= 4 ft,)e “N?  (k=01,...N-1)
n=0
2
where wy - k and t, =nT,. F(k) and f(n) are sometimes used to denote
p
sampled data.

f(t) A

CONTINUOUS FUNCTION, f(t)

{I\f SAMPLED FUNCTION, f(n)
// — | / I.

torn

p

- -
NTp

Sampling rate: fs =1/T, © f,
Frequency resolution: Df =1/(NT,) (signal durationis NT)
For unambiguous frequency measurement: fe 3 2o, OF foax £ f</2
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Doppler Filtering Using the DFT (1)

Assume that there is atarget return in afixed range bin (e.g., #2):
1. Thereare N pulsesin adwell and therefore the sinusoid is sampled N times
-- the sampling rate is the PRF
-- each range bin gets sampled N times
-- thereare atotal of N° M data points per dwell
2. The data from each set of range binsis Fourier transformed. Typically the FFT

Isused, which requiresthat N = 2" where n isan integer.
3. The FFT returns N frequencies
Example: pulsetrain (N =16) echo return modulated by target doppler (ideal -- no
dispersion or noise)

PULSE ENVELOPE DOPPLER MODULATION
I ' AT, T T T .
/ Jlr; 1"1‘ f.ll-; IIE\;‘ \J!I—J. II:."_
051" 4 / i‘" / " ; y
h ﬂ |':I i Illil I!ir
0 iy f i :H[ Y f
i / 4 i 5 ;
' ; i F | j
0.5 ""1.“ “ “'a“ “ E“ “ / .
N/ - A
-1 b P 1 L e 1 1 RN A |
0 1 2 3 4 5 6 7
f, msec
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Doppler Filtering Using the DFT (2)

Calculation parameters. fq =450 Hz,t =150 nsec, PRF=2300 Hz. From the
parameters: Df =1/(NT,) =143.8Hz  fs =2300Hz NT, =6.957ms

1 T [
DOPPLER PULSE N\
0.5 MODULATION “A SAMPLING
POINTS

0_
05+ 7/

} ! ! ! !

1 5 6

0 1 I2 3 4
t (msec)
8 I T |

SPECTRUM COMPUTED USING
A 16 POINT FFT

] ]
0 200 400 600 800 1000 1200

f (H2)
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Pulse Doppler Recelver

FROM RANGE DOPPLER
IF — | ™| GATE1 ™ ALTERL [ ™ "
O
DOPPLER | zg
™! FILTER? ™ 35
X
TIN®)
98
=3
DOPPLER
™ ALTERM [ ™| 95
<5
<
RANGE | i o)
—> CaAtEn <8 TODISPLAY
QO —
th=
0<
&
éz
RANGE DOPPLER EJE
™| GATEM ™ ALTERL [ ™| 22
58
» | DOPPLER . éé
P
FILTER2 | O
N
}_
o
|
(@]
» | DOPPLER -
FILTERM |
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Pulse Burst Mode

Pulse burst is a combination of low and high PRFs. A burst isalong pulse (of length
t g) that istransmitted at a burst repetition frequency (BRF) which has alow PRF value.

On recelve, the datais sampled at a HPF rate to avoid doppler ambiguities:

A BURST, t g
- L
HIGH PRF
SAMPLING —» <-— t
ON RECEIVE L L] -
- L
LOW PRF
Typical steps:

1. Coarse range is measured by sorting the data into blocks of length ct g / 2
("burst delay ranging”).

2. Samples are sorted by doppler by taking the FFT over the dwell of samples
contained in each range block. Course doppler is obtained to within 1/t g.

3. Further processing of the data can improve the doppler measurement.

Tradeoffs: short burst P lower competing clutter power
long burst P higher SNR and smaller doppler bin size
computationally demanding (i.e., computer processing and memory)
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MTI Improvement Factors

MTI improvement factor (clutter improvement factor):

SCR Sai -
¢ = =" CA
SCRir %n
where SCR isthe signal to clutter ratio.

Subclutter visibility: ratio by which the target return may be below the coincident
clutter return and still be detected (with a specified By and Pr,).

Clutter attenuation:;

¥
GSC(W)dW

clutter power into canceler or filter
clutter power remaining after cancelation

oSt(W) | He(w) [* dw
where & (w) isthe clutter spectrum and He (w) the cancel er/filter characteristic.
Cancdllation ratio:
CR=

canceler voltage amplification

gain of single unprocessed pulse | ANTENNA AND
TARGET FIXED
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MTI Limitations (1)

Fluctuations in the clutter and instabilities in the radar system cause the clutter spectrum
to spread. A simple model approximates the clutter spectrum as a gaussian with standard
deviations .. If the contributing random processes are independent, then the total

spectrum variance is
SC=SE+Spm+Se+S4

CLUTTER
SPECTRUM

' L
S

1. Equipment instabilities frequencies, pulsewidths, waveform timing, delay line
response, etc. For transmitter frequency drift:
o - 267adfo
"7 B, edto

2. Quantization errorsin digital processing: s  (rule of thumb: 6 dB per bit)
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MTI Limitations (2)

3. Clutter fluctuations due to wind and motion: Clutter return is arandom process. Let
the standard deviation of the wind velocity bes,. The corresponding standard

deviation of the clutter spectrum due to wind motioniss,, =2s /|

4. Antenna scanning modul ation: the antenna periodically illuminates the target and
therefore the return looks like a pulse train that gets switched off and on

_ 0.265f,,
=

Sm

Note that:
1. A gaussian spectrum is maintained through the frequency conversion process

and synchronous detection.
2. Envelope or sguare law detection doubles the variance
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MTI Canceler Improvement Factors

|mprovement factors for delay line cancelers (coherent, no feedback):

Double: I =2 -
eps .o

FLS’- 4.30 in Skolnik,
2" edition

Chart for double canceler
performance
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MTI Canceler Improvement Factors

Improvement foctor — dB

Improvement factors for delay line cancelers:

TO

20 F

Triple cancellation Double cancellotion

| | [ | I |

10 100
g, number of hits within 3 dB beomwidth

95

ng
Sngle: lg =—2—
Je- 18177 359
ng

Double: I, =
27 3853
Fig. 3.32 in Skolnik

Chart for limitation due to
antenna scanning modulation
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Example

Example: A radar with f =16 GHz (I =0.018), ng =10 and f, =530 Hz using a
double canceler and operating in wooded hills with 10 kt winds.

| o _ 2(0.04
The improvement factor considering clutter motion: s, =0.04 P s.=s, = é 018)

.4 .4
e f, 0 0 ,
=P 2 o 50 O 4906 51948
e2ps . @ e2p (4.267)@

The limitation in improvement factor due to antenna modulation if the antenna is scanning

and there are ng pulses hitting the clutter:
4

n
lop = —B- =2507.4=34.1 dB
27385

Note that a similar result would be obtained by including the antenna modulation in the
caculation of 5 _: Sy =0.265f,/ng =14.05P S =Sg +S f =14.7

4
ef, 0
| iotal = 26——=F = 2168 = 33.4dB or, alternately: 1 1.1

2pS C é Itotal | c2 | s2
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Coherent and Noncoherent Pulse Trains

A coherent pulse trainisonethat is"cut" from aparent sinusoid. The waveforms
A and B overlap exactly. For anoncoherent pulse train, the initial value of the
carrier sinusoid for each pulse is essentially random.

A PARENT SINUSOID
COHERENT

B PULSE TRAIN

C NONCOHERENT

PULSE TRAIN
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Noncoherent Pulse Train Spectrum (1)

Random phases between pul ses cause the spectrum to smear. Sharp doppler lines
do not exist. However, if the target velocity is high enough and its modulation of
the returned pulse is strong, the target can be detected.

SPECTRUM OF A SPECTRUM OF A NON-
COHERENT PULSE TRAIN COHERENT PULSE TRAIN

_LLLLLM“LMM, .
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Noncoherent Pulse Train Spectrum (2)

Video spectra:
Coherent Noncoherent
2 42
C S CS
N N2 +2NS+2NC ~A
> f > f
0 fq - f4 0 fq

The convolution of signal and clutter with noise gives the power
N? +2NS+2NC

The signal-to-noiseratio is
2SC

S
N N2 +2NS+2NC

Note that clutter must be present or the SNR is zero.
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Search Radar Equation (1)

Search radars are used to acquire targets and then hand them off to atracking radar.
(A multifunction radar can perform both tasks.) Search requires that the antenna
cover large volumes of space (solid angles) in a short period of time. Thisimplies:

1. fast antenna scan rate if the beam is narrow
2. large antenna beamwidth if aslow scan is used

Consider avolume search at range R:

Z A
SECTION OF SPHERE
(SEARCH VOLUME)

ANTENNA BEAM
SOLID ANGLE

y

LOCUS OF
ANTENNA HALF
POWER POINTS

Qe
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Search Radar Equation (2)

Qe2 Qa2
w, =25 = L R p2 o dgf

Search volume: A > .
R R” Qg Qm

where (Qg»,Qg1) arethe elevation scan limitsand (Qa2,Qa1) are the azimuth scan
limits. If the volume searched is near the horizon then g » 90° and

W » (Qe2 - Qp1)(Qa2- Qa1)° QeQa

Assume antenna beams with circular cross section. "Plan view" of the scan region:
~— Q——»
I

ot
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Search Radar Equation (3)

Number of beam positions required

frame area QEQA
beamarea g3

The target can only liein one beam. Thetime on target t:, or dwell time, isthe time
spent at each beam position

NB »

2
_ L 4%dg _ ng

t =
*Ng QgQn f,

where ng isthe number of pulses transmitted per beam position. Assuming that all
pulses are integrated, the search radar equation becomes

R __ RGAsS Ng

Ny (4p)°KTB,R'L

Now use

Ot —tf /NB Bt ))].,Gt 4p(p|D2 /4)’ B»::) f :n_B’andPt:
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Search Radar Equation (4)

Search radar equation becomes

N, 16kT. R*LNgq3

(Note: Skolnik has 4 rather than 16 duetogqg » 0.88] /D vs| /D). Usng
N gQ é = QEgQ A and rearranging gives the search detection range

PaVA\EI’S tf
Rmax =
16k T, LQ-Q, SNR

Points to note:

1. independent of frequency (wavelength)
2. for given values of t1 /QgQa and s , the range primarily depends

on the product By, A«
3.t /QeQA must beincreased to increase R

Common search patterns. raster, spiral, helical, and nodding (sinusoidal)
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Radar Tracking (1)

Target tracking is achieved by positioning the radar antenna boresight (direction
reference with respect to the gain pattern). Several techniques can be used:

1. Sequential lobing: The beam is switched between positions #1 and #2. qgq isthe

squint angle. If the target return is constant and located at the bisecting angle of the
two beam maxima, then the received power will be the same in both positions.

BEAM POSITION #1

Uq
P TARGET DIRECTION

BEAM POSITION #2

A error in the direction estimate occurs if the target RCS is not constant (which is
always the case).

2. Conical scan: The antenna beam is squinted a small amount and then rotated
around the reference. If thetarget isin the reference direction the received power
Is constant. If not the recelved power is modulated. The modulation can be used
to generate an error signal to correct the antenna pointing direction.
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Radar Tracking (2)

Conical scan (continued)

) % .

v

Note that if the antennais physically rotated the polarization also rotates. This
Isundesirable. Fixed polarization is provided by a nutating feed.

REFLECTOR FEED

ROTATION
\ PATH
FEED
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Radar Tracking (3)

Conical scan (continued)

If the target is not centered on the axis of rotation then there is a modulation of the
received power

+ ERROR
- ERROR

{ —

Conical scan problems:

1. Jet turbines rotate at about the same frequency as the upper limit of antenna
rotation (2400 rpm). Propellers are at the lower end of the antennarotation
limit (100 rpm).

2. Long ranges are a problem. The round trip time of transit is comparable to
the antennarotation.

3. Pulse-to-pulse RCS variations are a problem.
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Gain Control

Naval Postgraduate School

The dynamic range of received signals can exceed the dynamic range of the receiver

closeintargets P large return above receiver saturation level (any
scanning modulation is lost)
far out targets P small return below noise level

The dynamic range can be extended using gain controls:
Manual gain control (MGC): The operator adjusts the receiver to match the
dynamic range of the display.

Automatic gain control (AGC): The signal from the target in arange gate is
kept at a constant level

AGC circuit;
FROM ) L, SECOND > »| RANGE » ERROR

T DCAMP ¢— FILTER [<—
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Example

Conical scan antenna with arotation rate of 100 Hz (0.01 sec/revolution) operates
at arange of 460 miles. The one-way transit time of apulseis

t = R/ ¢ =(460)(0.062)(1000) /3" 10° = 0.0024 sec

The antenna rotates 90° in 0.01/4 = 0.0025 sec. The arrival time of apulseis
Illustrated below:

SIGNAL
TRANSMITTED
t=0

SIGNAL ARRIVES
AT TARGET

t= 0.0024\

N Lobe up

{=0.0025 — { t = 0.0075

SIGNAL ARRIVES Y Lobe down

BACK AT RADAR

t =0.0048 t=0.005

Four pulses are generally sufficient (top, bottom, left, and right). For the case of the target
left or right, the transit time is approximately equal to half of the rotation rate, and
therefore the effect of the scan is cancelled. There is no modulation of the return.
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Example

A conical scan radar has a gaussain shaped main beam gain approximated by
2,.2
G(@) = Goe 97198

whereqg =1" isthe HPBW and K =41In(2) = 2.773. The crossover lossis the reduction
In gain due to the fact that the target is tracked off of the beam peak. Assume that the

beam is squinted at an angle g =0.3". The pattern level at the squint angleis

G(dq) = Go exp{l- 2.773(0.3)2/(12) )| = 0.8406G,

a0.84G, O
The crossover lossis 10Iog§ G ©+=-1.084 dB
0]

17

=T [}
w——"

G(q=0.3)
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Monopulse Tracking (1)

Pulse to pulse variations in the target RCS leads to tracking inaccuracies. We want
range and angle information with asingle pulse, i.e., monopulse (also called ssimul-
taneous lobing). There are two types:

1. Amplitude compari son monopul se:

Two antenna beams are generated at small positive and negative squint angles. The
outputs from the two beam ports are added to form a sum beam and subtracted to form
adifference beam. The sum beam is used on transmit and receive; the difference beam

Isonly used on receive.
BEAM #1 BEAM #2

WYY 7YY YY Y Y YYTrYyy

MAGIC
TEE

DIFFERENCE PORT | | SUM PORT
D a

Monopul se beamforming is implemented using a magic tee.
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Distance Learning

-20

-30

-40¥:

RELATIVE POWER, dB

-50

RELATIVE POWER, dB

-10

qu

BEAM #1

BEAM #2

il

Wi

DIFFERENCE

BEAM

-10

-5

0 5

10

PATTERN ANGLE, DEGREES
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Monopulse Tracking (3)

Tracking is done by processing the difference to sum voltage ratio:

D _ differencevoltage _ D, +]Dg
S sum voltage S| +iSq

Now,
D,S; +DaS
Re{D/S} = | '2 nglchosd
S|+ Sg |S|
DpS, - DS
im{D/ g = -1~ 2150 - [Blgy 4
ST+ S5 |S|

where d isthe relative phase between the sum and difference channels. Usually only
Re{D/ S} is processed because:
1. It has the required sign information: + ratio on positive side of null;
- On negative side.
2. Thetarget only contributesto Re{ D/ S}; noise, interference, etc. contribute
to both terms equally.

See Fig. 5.9in Skolnik for implementation. | and Q processing can be done after the
amplifier.
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Monopulse Tracking (4)

Plot of typical D/ S inthe vicinity of the null. (The slope depends on the antenna
beamwidths and squint.)

1
0.5F
NORMALIZED
DIS 0
(NOISELESS) LINEAR REGION
-0.5F /
-1 \
-5 0 5

PATTERN ANGLE (DEGREES)
In the linear region:

D/S» Kq

K isthe monopulse slope constant. The function D/ S can be used to generate an
error signal to place the difference beam null on the target.
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Monopulse Tracking (5)

Sources of monopulse tracking error:
1. Antenna errors: null shift and null filling due to antenna illumination errors.
2. Therma noise: RMS angle error for asingle target, high SNR, with the target on

boresight (i.e., the target would be in the null of the ideal antenna)
1

% T KVaNR
3. Target glint: glint refers to the distortion of the wavefront scattered from the target due
to environmental and interference effects. When the wavefront is distorted, the
apparent target direction can differ from the actual target direction.

NONPLANAR WAVEFRONT SPHERICAL SOURCE DISPLACEMENT

DISTORTED

WAVEFRONT K PHYSICAL
1S SOURCE ——a CENTROID
OF GLINT DOMINANT
SCATTERING Q)
IDEAL PLANAR SOURCES A
WAVEFRONT
SCATTERED
SCATTERING SPHERICAL
CENTROID \ WAVEFRONT

O
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Monopulse Tracking (6)

RMS angle error due to target glint is approximately given by the empirical formula

xL/206 L

S, »0.7tan.— » 0.35—
e RO R

g

where L isthe target extent (for example, the length or wingspan of an aircraft), and
R isthe range to the target.

A
TOTAL
RMSANGLE / THNES'\QEAL
TRACKING SLINT -
ERROR
o~ RANGE INDEPENDENT
Sq (SERVO & ANTENNA)
0.01 ><
| | | -
1 10 100

RELATIVE RANGE
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Monopulse Tracking (7)

1. Phase comparison monopulse (interferometer radar):

The phase difference between two widely spaced antennas is used to determine the
angle of arrival of the wavefront.

q
YY) TTTTdTTTT T1T1Y
B
| COMPARISON

For a plane wave arriving from adirection g, the phase difference between antennas
#1 and #2 can be used to determineq:

Df =kdsng»kdqg P qg»Df /(kd)

Problems: 1. ambiguities due to grating lobes because the antennas are widely spaced
2. tight phase tolerances must be maintained on the antenna
3. thermal and servo noise are sources of error
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Low Angle Tracking (1)

When aradar and target are both operating near the surface of the earth, multipath
(multiple reflections) can cause extremely large angle errors. Assume aflat earth:

}4 TARGET

R

Y
EARTH'S SURFACE

REFLECTION POINT

At low altitudes the reflection coefficient is approximately constant (C » - 1) and
Gp(qa) » Gp(gg). The difference between the direct and reflected pathsis:

DR=(R+R)- K

%/_/ )
REFLECTED  DIRECT
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Low Angle Tracking (2)

Distance Learning

Thetotal signal at thetarget is.

- JKDR
Eot= Ee« + Egr =E(@a)+GE@Qp)e’
REFLECTED  DIRECT

From the low altitude approximation, Eg, = E(qa) » E(Qg) so that

Etot » Eqir + GEgre” PR = By | [1+ Ge jkDR;h

° F. PATH GAIN
FACTOR

The path gain factor takeson thevaluesO £ F £2. If F =0 thedirect and reflected

rays cancel (destructive interference); if F =2 the two waves add (constructive
interference).

An approximate expression for the path difference:

_ [o2 Th2,, 1(h - hy)°
Ry =V R+ (- hy)?» R~

R+ Ry =R+ (hy +hy)? »R%W
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Low Angle Tracking (3)

Therefore,

DR » 2y fy
R
and
Incorporate the path gain factor into the RRE:

. .4
P u|F |4:165jn4§%ha;» 16?%‘6‘2

The last approximation is based on
h, << Rand h << R.

Finally, the RRE can be written as

2 4
P = RGG s IF |4» 4 RGGs (hhy)
r (4p)3 R4 | 2R8
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Low Angle Tracking (4)

h-hy by

» — wherey isthe
R R y

Assume aradar near theground h, ® 0. Then tany =
elevation angle. Therefore | F [*=16sin*(kh, tany

)
b Dh=h- h,
y

R
If the range is much greater than the heights, theny isaso the grazing angle.

-

DR = 2h,; Sny

y

By Ty

3 L
RGG,| s 165in4f#p h, Sny gwhich has nulls at angles

Received power is. P =
P @R T e

sny :%,n:O,LZ,...

a

120



Naval Postgraduate School Microwave Devices & Radar Distance Learning

Tracking Error Due to Multipath
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Low Angle Tracking (5)

Methods of displaying the received power variation:

1. Coveragediagram:  Contour plotsof | F [ indB vs h, R normalized to areference
range R:. Contours of power equal to that of the free space reference range are

plotted, i.e., 0 dB for the expression | F |— 25— sn(kh tanyi

60#9‘
/ R; = 2000 m
= 50 T
= h, =100l
=
" 40F T
I
&
o 30 .
I_
LLI
= 20 1
< o

10p

[~
O 1 1 1
1000 2000 3000 4000 5000

RANGE, R (m)
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Low Angle Tracking (6)

2. Height-gaincurves. Plotsof [ F|indB vs hy at afixed range. The constructive
and destructive interference as afunction of height can be identified. At low
frequencies the periodicity of the curve at low heights can be destroyed by the
ground wave

10

a1
T

o
T

1
o1
T

H
o
T

PATH GAIN FACTOR (dB)

-15+

-20 -
0 10 20 30 40 50 60
TARGET HEIGHT, ht (m)
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Atmospheric Refraction (1)

Refraction by the atmosphere causes waves to be bent back towards the earth’ s surface.
Theray trgectory isdescribed by the equation: nR.9nq =CONSTANT
Two ways of expressing the index of refraction in the troposphere:

Ln=1+cr/rg REFRACTED
+ HUMIDITY TERM q RAY /\ q

R. = 6378 km = earth radius
c » 0.00029 = Gladstone-Dale

constant
r,r g = massdensities at altitude

and sea level

EARTH'S
SURFACE

2.n=776p/T+773 10°e/T?

p = air pressure (millibars)

T = temperature (K)

e = partial pressure of
water vapor (millibars)
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Atmospheric Refraction (2)

Refraction of awave can provide a significant level of transmission over the horizon. A
refracted ray can be represented by a straight ray if an equivalent earth radius is used.

REFRACTED RAY

REFRACTED BECOMES A
RAY Tx STRAIGHT LINE

LINE OF SIGHT (LOS)
BLOCKED BY
EARTH'S BULGE

EARTH'S e
EARTH'S QUIVALENT EARTH
SURFACE SURFACE RADIUSR¢
STANDARD
CONDITIONS:
4
R&: ))73 Re
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Atmospheric Refraction (3)

Distance from the transmit antenna to the horizon: R = \/ (Rg+ h )2 - (RQD)2

but R¢>>h so that

R » y2Rih

smilarly,

EARTH'S
R »+/2Rth, SURFACE

The radar horizon is the sum

RrH »\/ZRecht +1/2Rghr
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